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in the Absence of AMPA Glutamate
Receptor GluR2 and GluR3
for the modification of synaptic efficacy (Luscher et al.,
2000; Malinow and Malenka, 2002)
AMPARs are heteromeric complexes assembled from
four distinct subunits GluR1–GluR4 (also referred to as
GluRA–GluRD) encoded by four separate genes (Holl-
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mann and Heinemann, 1994). Several studies suggestToronto, Ontario M5G 1X8
that these receptor subunits may play distinct roles in2 Department of Physiology
the regulation of AMPAR trafficking and synaptic plastic-University of Toronto
ity. For example, the GluR1 subunit is required forToronto, Ontario M5S 1A8
NMDAR-dependent synaptic delivery of AMPARs, a pro-Canada
cess thought to be responsible for adding new receptors
to increase synaptic transmission during LTP (Shi et al.,
1999; 2001; Hayashi et al., 2000; Passafaro et al., 2001).Summary
In contrast, the GluR2/3 subunits are thought to be im-
portant for activity-independent movements of AMPARs,The AMPA glutamate receptor (AMPAR) subunits
a constitutive process thought to be essential for stableGluR2 and GluR3 are thought to be important for syn-
basal synaptic responses (Shi et al., 2001; Passafaro etaptic targeting/stabilization of AMPARs and the ex-
al., 2001). Although the molecular mechanisms underly-pression of hippocampal long-term depression (LTD).
ing these subunit-specific functions are unknown, theIn order to address this hypothesis genetically, we
protein-protein interactions between the AMPAR sub-generated and analyzed knockout mice deficient in
units and adjacent postsynaptic proteins may play anthe expression of both GluR2 and GluR3. We show here
important role (see reviews by Barry and Ziff, 2002; Songthat the double knockout mice are severely impaired
and Huganir, 2002; Sheng and Kim, 2002).in basal synaptic transmission, demonstrating that
Ample biochemical studies indicate that the C-ter-GluR2/3 are essential to maintain adequate synaptic
minal tails of the GluR2/3 subunits can selectively inter-transmission in vivo. However, these mutant mice are
act with a number of intracellular proteins (e.g., GRIP1,competent in establishing several forms of long-last-
ABP, NSF, and PICK1) and that these interactions areing synaptic changes in the CA1 region of the hippo-
important for targeting and accumulating GluR2-con-campus, including LTD, long-term potentiation (LTP),
taining AMPARs at specific subcellular sites, either atdepotentiation, and dedepression, indicating the pres-
the postsynaptic membrane or inside the cell (Dong etence of GluR2/3-independent mechanisms of LTD ex-
al., 1997; 1999; Nishimune et al., 1998; Osten et al., 1998,pression and suggesting that AMPA receptor GluR1
2000; Srivastava et al., 1998; Song et al., 1998; Dev etalone is capable of various forms of synaptic plasticity.
al., 1999; Xia et al., 1999; Perez et al., 2001). Consistent
with these biochemical data, postsynaptic injection ofIntroduction
synthetic peptides designed to disrupt protein interac-
tions between GluR2 and AMPAR-interacting proteinsAMPA glutamate receptors (AMPARs) are the principle
causes a rapid and selective change in AMPAR-medi-mediators of the fast excitatory synaptic transmission
ated synaptic responses (Nishimune et al., 1998; Noelin the mammalian central nervous system (CNS), and
et al., 1999; Luscher et al., 1999; Luthi et al., 1999; Dawthey are important for the expression of several forms
et al., 2000; Lee et al., 2002). Furthermore, some of these
of long-lasting synaptic plasticity, including LTP and
peptides or deletions of the C-terminal tail of GluR2 also
LTD, extensively studied forms of synaptic plasticity
interfere with activity-dependent AMPAR internalization
thought to be critical to learning and memory (Bliss and and the expression of LTD both in the hippocampus and
Collingridge, 1993; Malenka and Nicoll, 1999; Bear and cerebellum (Luscher et al., 1999; Luthi et al., 1999; Daw
Abraham, 1996). In the CA1 region of the hippocampus, et al., 2000; Xia et al., 2000; Lin et al., 2000; Lee et
while the induction of LTP and LTD requires activation al., 2002). Therefore, it has been hypothesized that the
of NMDA receptors (NMDARs) and the subsequent cal- expression of hippocampal LTD and AMPAR internaliza-
cium influx, the expression mechanisms appear much tion from the postsynaptic surface involve interactions
more complex, possibly involving both presynaptic and between GluR2/3 and AMPAR-interacting proteins (Kull-
postsynaptic modifications. However, recent studies in- mann, 1999; Luthi et al., 1999; Daw et al., 2000; Xia et
dicate that activity-dependent AMPAR insertion and in- al., 2000).
ternalization at the postsynaptic membrane play a criti- In this study, we took genetic approaches to address
cal role in the expression of LTP and LTD, respectively the in vivo function of GluR2/3 in synaptic regulation
(Shi et al., 1999; 2001; Hayashi et al., 2000; Carroll et by conducting hippocampal slice recordings in three
al., 1999; 2001; Beattie et al., 2000; Lin et al., 2000; Man genetically manipulated mouse strains. First, as an ex-
et al., 2000; Wang and Linden, 2000). Thus, regulation tension to our previous studies (Jia et al., 1996), we
of AMPAR trafficking may represent a key mechanism analyzed LTD and depotentiation in knockout mice lack-
ing GluR2 and found that both LTD and depotentiation
could be established in these mice. Since GluR3 is*Correspondence: jia@sickkids.ca
3These authors contributed equally to this work. closely related to GluR2 in the protein sequence and in
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fact GluR3 can interact with a number of GluR2-inter- that the GluR3 subunit is involved in the expression
of hippocampal LTD. Alternatively, GluR3 may have aacting proteins (Braithwaite et al., 2000), we then ex-
plored the possibility that GluR3 may play a similar role redundant function sufficient to compensate for the loss
of GluR2 so that LTD and depotentiation can be estab-in synaptic plasticity by generating and analyzing knock-
out mice lacking GluR3. We showed that the GluR3 lished in the GluR2 knockout mice. It is also important
to note that despite the fact that GluR3 is abundantlyknockout mice exhibited normal basal synaptic trans-
mission and LTD but enhanced LTP, indicating that expressed in many regions of the CNS and that it can
form functional heteromeric receptors with other AMPAGluR3 was not critical for the expression of LTD. Finally,
to address the possibility that GluR2/3 may have redun- receptor subunits, there have been very few studies
directly focusing on the GluR3 subunit. Therefore, wedant functions, we analyzed double knockout mice lack-
ing both GluR2 and GluR3. We demonstrated that the set out to investigate the in vivo function of GluR3 by
generating and analyzing knockout mice deficient in thedouble knockout mice exhibited a dramatic reduction
in the mean amplitude of basal synaptic transmission, expression of GluR3.
indicating that GluR2/3 are essential to maintain high
levels of synaptic transmission in vivo. However, in spite Normal CNS Anatomy and Synaptic Structures
of a severe reduction in basal synaptic function, the in GluR3 Knockout Mice
double knockout mice were capable of establishing and The GluR3 knockout mice were generated by standard
maintaining several forms of long-lasting synaptic homologous recombination techniques using R1 ES line
changes, including LTP, LTD, depotentiation, and dede- (Figures 2A and 2B) (Jia et al., 1996; Nagy et al., 1993).
pression. These results provide genetic evidence for the The GluR3 gene is X chromosome linked; therefore, only
existence of GluR2/3-independent mechanisms for the one copy is present in the male mice. Since the male
expression of hippocampal LTD and depotentiation and knockout animals (XY, GluR3) bred poorly, all experi-
suggest that the GluR1 subunit is sufficient for express- ments were performed using male offspring (XY as
ing hippocampal synaptic plasticity. GluR3 knockout and XY littermate as wild-type control)
generated from F1 XY (GluR3) and XX (GluR3/)
breeding. The GluR3 knockout mice were viable andResults
showed no apparent behavioral deficits, including nor-
mal locomotor activities. The whole-brain lysate fromHippocampal LTD and Depotentiation in GluR2
the GluR3 knockout mice showed no detectable expres-Knockout Mice
sion of GluR3 mRNA, but normal levels of mRNA forIf GluR2 is important for the expression of hippocampal
GluR1 and GluR2 (data not shown). Since there are noLTD by regulating AMPAR trafficking, one would expect
commercially available antibodies specific to the GluR3that LTD or depotentiation is affected in GluR2 knockout
subunit, we generated GluR2/3 double knockout micemice (Jia et al., 1996). To test this possibility, we carried
by crossing the GluR3 knockout mice to GluR2 knockoutout electrophysiological recordings in the CA1 region of
mice. Using antibodies that recognize both GluR2 andthe hippocampus. Previously, we found no significant
GluR3, we showed that the double knockout mice haddifferences in the degree of LTD of field excitatory post-
no expression of GluR2 or GluR3 protein, confirming thesynaptic potential (fEPSPs) between the wild-type and
absence of GluR3 protein in the GluR3 knockout micethe knockout mice in an 129XCD1 genetic background
(Figure 2C). The protein levels for other glutamate recep-(Jia et al., 1996). Since the present study focused on
tors and postsynaptic proteins, including GluR1, GluR2,GluR3 and GluR2/3 double knockout mice which were
GluR4, NR1, NR2A/B, and CaMKII(CKII) were not al-generated in an 129XC57/BL6 genetic background, we
tered in GluR3 knockout mice (Figure 2C). The GluR3therefore backcrossed the GluR2 null mutation into a
knockout mice showed no detectable abnormalities inC57/BL6 genetic background and further verified that
the gross anatomy or synaptic structures of the CNSboth LTD and depotentiation were present in the ab-
(Figures 2Db and 2Df).sence of GluR2. As shown in Figure 1A, no significant
differences were found in the degree of LTD induced
by low-frequency stimulation (LFS; 1 Hz lasting 15 min) Normal Basal Synaptic Transmission in GluR3
Knockout Micebetween the two groups of mice (79.2  2.3% for
GluR2/ versus 77.2  4.2% for GluR2/, p  0.66; To further investigate the effect of GluR3 deletion on
the properties of synaptic transmission and plasticity,Figure 1A). Although LTP induced by high-frequency
stimulation (HFS; 100 Hz lasting 1 s) was enhanced in we conducted field and whole-cell recordings in the CA1
region of the hippocampus in the GluR3 knockout mice.GluR2 knockout mice (155.3% 3.2% for GluR2/ ver-
sus 181.6% 3.9% for GluR2/, p0.006), depotentia- Analysis of evoked fEPSPs revealed no differences in
the stimulus intensity/response curve, maximal re-tion induced by LFS was not significantly altered
(87.9%  2.2% for GluR2/ versus 76.3%  13.5% for sponse, and fEPSP waveform (Figure 3A). The passive
membrane properties of CA1 pyramidal neurons, includ-GluR2/, p  0.18; Figure 1B). In adult hippocampal
slices, depotentiation could not be induced by LFS in ing resting membrane potential, input resistance,
threshold to fire action potential, and its amplitude wereeither wild-type or GluR2 knockout mice (Figure 1C).
These results indicate that GluR2 is not essential for not altered in GluR3 knockout mice (data not shown).
Analysis of spontaneous miniature excitatory postsyn-the expression of hippocampal LTD or depotentiation.
However, because GluR3 is closely related to GluR2 in aptic currents (mEPSCs) of CA1 pyramidal neurons also
showed no differences in the frequency (Figure 3B), am-the structure and biochemical properties (Hollmann and
Heinemann, 1994; Braithwaite et al., 2000, Shi et al., plitude (Figure 3C), and kinetics between the wild-type
and GluR3 knockout mice. Similarly, evoked EPSCs of2001) and is expressed in the hippocampus, it is possible
Synaptic Function in GluR2/3 Double Knockout Mice
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Figure 1. Normal Hippocampal LTD and Depotentiation in GluR2 Knockout Mice
(A) LTD induced by LFS (1 Hz stimulation, 15 min) was indistinguishable between the wild-type and GluR2 knockout mice (12–16 days).
(B) Depotentiation induced by LFS (1 Hz stimulation, 15 min) after establishment of LTP induced by HFS (100 Hz, 1s, upward arrow) showed
no differences between the wild-type and GluR2 knockout mice (2–3 weeks).
(C) Depotentiation could not be induced by LFS in hippocampal slices from adult animals (2–3 months) of either the wild-type or GluR2
knockout mice. LTP was enhanced in the knockout mice.
CA1 pyramidal neurons showed no differences in the indistinguishable between the wild-type and knockout
amplitude, current/voltage relation, and reversal poten- mice (79.1%  3.8% for GluR3 versus 83.7%  2.5%
tial between these two groups of mice (Figure 3D). These for GluR3, p  0.33; Figure 4B), the magnitude of LTP
results indicate that synaptic targeting and function of induced by HFS was significantly enhanced in the GluR3
AMPARs were not significantly disrupted by genetic de- knockout mice (128.2%  4.5% for GluR3 versus
letion of GluR3 alone. 152.5% 5.0% for GluR3, p 0.0039; Figure 4C). The
saturated level of LTP induced by multiple HFS trains
was also enhanced in the knockout mice (162.8% Enhanced LTP but Normal LTD in GluR3
6.5% for GluR3 versus 205.2%  10.0% for GluR3,Knockout Mice
p 0.0073; Figure 4D). While LTP was enhanced, depo-To examine the role of GluR3 in the regulation of synaptic
tentiation after establishment of LTP was not signifi-plasticity, we analyzed LTP and LTD in the CA1 region
of the hippocampus. While LTD induced by LFS was cantly altered in GluR3 knockout mice (85.0%  1.4%
Neuron
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Figure 2. Creation of GluR3 and GluR2/3 Double Knockout Mice
(A) Schematic representation of the wild-type GluR3 genomic locus, the targeting vector, and the targeted GluR3 locus. The open box indicates
the position of the exon containing the second TM where the insertion of pgk-neo-polyA cassette was made in the targeted GluR3 locus.
Upstream and downstream exons were not mapped.
(B) Representative Southern blot analysis of tail DNA of GluR3 knockout mice. Genomic DNA was isolated from male mice, digested by EcoRV
(Rv), and hybridized with the external probe shown in (A). As expected, the probe detected a 15 kb fragment in the wild-type (XY) and a 13
kb fragment in the knockout (XY) mice.
(C) Absence of GluR2 and GluR3 proteins in the GluR2/3 double knockout mice. The GluR2/3 double knockout mice were obtained by
intercrossing between mice heterozygous for both GluR2 and GluR3 (GluR2/ GluR3/). Total brain lysates were isolated from 12- to 16-
day-old male animals of various genotypes (lane 1, GluR2/ GluR3; lane 2, GluR2/ GluR3; lane 3, GluR2/ GluR3; lane 4, GluR2/
GluR3), immunoblotted, and detected by indicated antibodies. The GluR2/3 antibodies detected no signals in the GluR2/3 double knockout
mice, confirming the absence of both GluR2 and GluR3 in the double knockout mice (left panel). The level of GluR1 and GluR4 was quantified
(see Experimental Procedures) and showed no differences between the wild-type and the double knockout mice.
(D) Normal hippocampal formation and synaptic structure in GluR2, GluR3, and GluR2/3 double knockout mice. Nissl staining (a–d) and EM
(e–h) micrographs of fixed brain sections showed normal anatomy of hippocampus (a–d) and the density of asymmetric synapses (e–h)
identified by the presence of postsynaptic density (asterisks) and presynaptic vesicles in CA1 area.
(E) High magnifications of EM micrographs showed apparently normal distribution of presynaptic vesicles and postsynaptic density. Scale
bar in (D) and (E), 500 nm.
for GluR3 versus 82.5% 9.2% for GluR3; Figure 4E). quired for the expression of synaptic plasticity, we gen-
erated and analyzed knockout mice lacking both GluR2NMDA receptor antagonist DL-APV (100M) completely
blocked LTP in both the wild-type and knockout mice and GluR3. The double knockout mice (GluR2/
GluR3, males) were born indistinguishable from the(data not shown). Therefore, the enhanced LTP in the
GluR3 knockout mice does not involve NMDAR-indepen- wild-type littermates, but during postnatal weeks 2–4
dent mechanisms. To test whether GluR3 plays a role in displayed an increased mortality (approximately 20%–
presynaptic functions, we compared paired-pulse facilita- 30%) and gradual appearance of global abnormalities,
tion and found no differences between the wild-type and including smaller body sizes, reduced locomotor activi-
knockout mice (Figure 4A). Therefore, hippocampal synap- ties, and severe tremors upon movements. Surprisingly,
tic plasticity can occur in the absence of GluR3. the double knockout mice showed no detectable abnor-
malities in the gross anatomy of the CNS, including hip-
pocampus (Figure 2D). In addition, the synaptic struc-Normal Gross CNS and Synaptic Structures
in GluR2/3 Double Knockout Mice tures in the CA1 region of the hippocampus appeared
unchanged in the double knockout mice (Figures 2Dd,To address the possibility that GluR2 and GluR3 are
functionally redundant and that only one of them is re- 2Dh, and 2E). There were no significant differences in
Synaptic Function in GluR2/3 Double Knockout Mice
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Figure 3. Normal Basal Synaptic Transmission in GluR3 Knockout Mice
(A) fEPSP slopes plotted as a function of stimulus intensity. The distance between the stimulating and recording electrodes was kept constant
between slices.
(B) Summary histogram showing the frequency of mEPSCs of CA1 pyramidal neurons recorded under whole-cell voltage clamp mode in the
presence of TTX (1 M) and picrotoxin (100 M). mEPSCs were blocked by AMPA receptor antagonist CNQX (5 M).
(C) Summary histogram showing averaged (left) and distribution of mEPSC amplitudes of one representative neuron from each genotype
(right).
(D) Averaged amplitudes of evoked AMPA receptor- (left) and NMDA receptor- (right) mediated EPSCs recorded from CA1 pyramidal neurons
showing no differences between the wild-type (R3) and GluR3 knockout (R3) mice. The AMPAR-mediated EPSCs were estimated at indicated
holding potentials in the presence of 100 M picrotoxin 5 ms after the stimulus and normalized to the EPSC at 60mV. The NMDAR-mediated
EPSCs were measured with peak amplitudes in the presence of 100 M picrotoxin and 10 M CNQX and normalized to the EPSC at 60mV.
The representative EPSC traces at various holding potentials were averages of four successive sweeps.
the numbers of asymmetric synapses and the lengths Reduced Basal Synaptic Transmission
in GluR2/3 Double Knockout Miceof postsynaptic density between the wild-type and the
double knockout mice (see Experimental Procedures). To investigate the properties of basal synaptic function
in GluR2/3 double knockout mice, we analyzed fEPSPsThese results indicate that the excitatory synapses are
formed and maintained in the absence of GluR2/3. evoked by various stimulus intensities. In these experi-
Neuron
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Figure 4. Normal Presynaptic Function and LTD but Enhanced LTP in GluR3 Knockout Mice
(A) Normal paired-pulse facilitation. The plot summarizes facilitation of the second fEPSP slope compared to the first one as a function of
the interpulse interval.
(B) Normal hippocampal LTD. LTD induced by LFS showed no differences between the wild-type (R3) and GluR3 knockout (R3) mice (12–16
days).
(C) Enhanced hippocampal LTP. LTP induced by single HFS train was higher in GluR3 knockout than the wild-type mice (2–3 months).
(D) Enhanced level of saturated LTP. LTP induced by six trains of HFS (5 min intertrain intervals, upward arrows) was significantly enhanced
in GluR3 knockout mice (2–3 months).
(E) Normal depotentiation. Depotentiation induced by LFS following establishment of LTP showed no differences between the wild-type (R3)
and GluR3 knockout (R3) mice (2–3 weeks).
ments, we used adult mice to minimize the effect of volley compared to those of the wild-type or GluR2
knockout mice. The maximal amplitude of fEPSPs in theGluR4 on synaptic transmission. As shown in Figure 5A,
the mean amplitudes of fEPSPs in the double knockout double knockout slices was only 10%–20% of that in
the wild-type control. To investigate the mechanismsmice were significantly smaller over a wide range of
stimulus intensities (data not shown) or presynaptic fiber underlying this reduced synaptic response, we recorded
Synaptic Function in GluR2/3 Double Knockout Mice
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Figure 5. Enhanced Synaptic Plasticity in GluR2/3 Double Knockout Mice
(A) Reduced synaptic response. fEPSP slopes were plotted as function of presynaptic fiber volley. The maximal fEPSP slopes were significantly
smaller in the double knockout mice (GluR2/ GluR3) than those in the wild-type (GluR2/ GluR3) and GluR2 knockout (GluR2/ GluR3)
mice (2–3 months). The traces show typical fEPSPs evoked with various stimulus intensities.
(B) Normal paired-pulse facilitation. The plot summarizes the facilitation of the second fEPSPs compared with the first one as a function of
interpulse interval. No differences were found between these three groups of mice (2–3 months).
(C) Enhanced LTD and dedepression. Both LTD induced by LFS and dedepression induced by HFS (upward arrow) after establishment of
LTD were significantly higher in the double knockout (GluR2/ GluR3) than the wild-type (GluR2/ GluR3) mice (12–16 days).
(D) Enhanced LTP and depotentiation. Both LTP induced by HFS (upward arrow) and depotentiation induced by LFS after the establishment
of LTP were significantly enhanced in the GluR2/3 double knockout mice (2–3 weeks).
(E) Sufficiency of GluR1 for LTP. LTP induced by HFS (upward arrow) in hippocampal slices prepared from adult mice (3–6 months) was also
significantly higher in the GluR2/3 double knockout than the wild-type mice. The traces on the right are averages of four successive sweeps
at indicated time points.
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mEPSCs from CA1 pyramidal neurons and found no As shown in Figures 7A–7C, synapse-specific LTP (Fig-
ure 7B) or LTD (Figure 7C) of the conditioned pathwaysignificant differences in either the frequency (0.23% 
0.01% Hz for GluR2/ GluR3 versus 0.25%  0.02% was obtained in the double knockout mice. After stabili-
zation of LTP or LTD, we applied AMPAR antagonistHz for GluR2/ GluR3, n  9 neurons, p  0.5) or
amplitude (10.61%  0.58% pA for GluR2/ GluR3 CNQX (10 M) and found that fEPSPs were completely
abolished, indicating that all synaptic responses duringversus 10.92%  0.19% pA for GluR2/ GluR3, n 
9 neurons, p  0.63) between the wild-type and double LTP or LTD were mediated by AMPARs. Then the extra-
cellular solution was changed to low Mg2 (0.1 mM) plusknockout mice. To test whether presynaptic function
was altered, we analyzed paired-pulse facilitation and CNQX to isolate NMDAR-mediated synaptic responses
in both pathways (Mainen et al., 1998; Kullmann et al.,found no differences in the degree of facilitation be-
tween the wild-type and the double knockout mice (Fig- 1996). In these experiments, we found little changes
in NMDAR-mediated transmission associated with LTPure 5B). Therefore, the reduction in basal synaptic re-
sponses in the double knockout mice was not likely (111.4% 2.99% for GluR2/ GluR3 versus 120.6%
5.5% for GluR2/ GLuR3) or LTD (99.1%  3.25%caused by presynaptic changes.
for GluR2/ GluR3) (Figures 7B and 7C), indicating
predominant changes in AMPAR-mediated synapticSynaptic Plasticity in GluR2/3 Double
transmission during LTP or LTD both in the wild-typeKnockout Mice
and the double knockout mice. Finally, we examinedTo address the role of GluR2/3 in the regulation of hippo-
the effect of a 15 amino acid peptide (D15) correspond-campal synaptic plasticity, we compared several forms
ing the PRD domain of the dynamin (dynamin 828–842)of long-lasting synaptic changes between the wild-type
on synaptic transmission and LTD in the double knock-and the double knockout mice. First, we induced LTD
out mice. This peptide is known to interfere with thewith LFS and after LTD was stabilized, delivered HFS
binding of amphiphysin with dynamin, an interactionto induce LTP or dedepression. As shown in Figure 5C,
that is important for endocytosis and has been shownboth LTD (79.2%  3% for GluR2/ GluR3 versus
to block the expression of LTD (Luscher et al., 1999).51.4%  8.0% for GluR2/ GluR3, p  0.0026) and
Postsynaptic injections of D15 blocked LTD in 8 out ofdedepression (189.3% 8.3% for GluR2/ GluR3 ver-
12 neurons recorded, whereas LTD was obtained in allsus 237.3%  16.5% for GluR2/ GluR3, p  0.014)
10 recorded neurons filled with control peptide S15. Thewere present and clearly enhanced in the double knock-
averaged LTD was 82.9% 5.9% for neurons filled without mice. Second, we induced LTP by HFS and then
D15 and 69.8%  4.5% filled with control peptide S15depotentiation by LFS following establishment of LTP
(p  0.05). These peptides had similar effects on LTD(Figure 5D). Again, both LTP (155.3%  4.0% for
of the wild-type neurons (data not shown). Collectively,GluR2/ GluR3 versus 181.0%  10.4% for GluR2/
these results indicate that hippocampal LTD in the dou-GluR3, p  0.013), and depotentiation (88.0%  8.3%
ble knockout mice requires NMDAR activation and post-for GluR2/ GluR3 versus 60.6% 5.7% for GluR2/
synaptic endocytosis.GluR3, p  0.00015) could be elicited and significantly
enhanced in the double knockout mice. Since GluR4 is
Discussiononly expressed in developing hippocampus, we then
tested whether LTP could be established in adult hippo-
Previous studies using cultured hippocampal neuronscampal slices (2–3 months) of the double knockout mice
and inhibitory peptides indicate that the GluR2/3 sub-(which should have GluR1 only AMPARs). As shown in
units are important for synaptic trafficking of AMPARsFigure 5E, LTP was present and significantly higher in
and the expression of LTD. In this study, we demonstratethe double knockout mice (141.9% 5.5% for GluR2/
that knockout mice deficient in the expression of bothGluR3 versus 198.6%  11.5% for GluR2/ GluR3,
GluR2 and GluR3 are severely affected in basal synapticp  0.0025).
function. However, in spite of a dramatic reduction inTo address the possibility that hippocampal LTP and
the mean amplitude of basal synaptic responses, theLTD in the double knockout mice may differ from those
double knockout mice are capable of undergoing sev-of the wild-type animals, we conducted following experi-
eral forms of long-lasting synaptic plasticity, includingments. First, we induced LTD in the presence of 100
LTD and depotentiation in the CA1 region of the hippo-M DL-APV and showed that LTD was largely abolished
campus. These results demonstrate that GluR2/3 areby APV in both genotypes (102.3% 2.6% for GluR2/
critically involved in maintaining basal synaptic trans-GluR3 versus 92.1% 3.7% for GluR2/ GluR3; Fig-
mission and suggest that GluR1 is sufficient for the ex-ures 6A and 6B). Therefore, the induction of hippocam-
pression of synaptic plasticity in vivo.pal LTD in the double knockout mice was mainly through
NMDAR-dependent mechanisms. This conclusion was
consistent with the finding that LTD in the double knock- Importance of GluR2/3 for Basal
Synaptic Transmissionout mice was insensitive to the application of MCPG
(0.5 mM) or bicuculline (20 M) (Figure 6C). Both of In GluR2/3 double knockout mice, the mean amplitude
of evoked fEPSP with a wide range of stimulation intensi-these drugs have been shown to block metabotropic
glutamate receptor (mGluR)-dependent LTD, which is ties is much smaller compared to the wild-type animals,
indicating that GluR2/3 are critical for maintaining highknown to coexist with NMDAR-dependent LTD in CA1
pyramidal neurons under certain conditions (Oliet et al., levels of basal synaptic responses. This difference is
most significant in adult hippocampus where the ex-1997). Second, we recorded fEPSPs from two indepen-
dent pathways and induced LTP or LTD in one pathway. pression of GluR4 is absent, suggesting that GluR4 may
Synaptic Function in GluR2/3 Double Knockout Mice
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Figure 6. Dependence of LTD on NMDA Re-
ceptors in GluR2/3 Double Knockout Mice
(A) LTD was blocked by DL-APV in the wild-
type mice (12–16 days). Bath application of
DL-APV (100 M) blocked the induction of
LTD. Subsequent LFS after washout of DL-
APV produced LTD in the same slices.
(B) LTD was also largely blocked by DL-APV
(100 M) in the GluR2/3 double knockout
mice (12–16 days). The experiments were
performed as described in (A).
(C) LTD was not affected by MCPG and bicu-
culline. Bath application of mGluR antagonist
MCPG (1 mM) and GABAA inhibitor bicuculline
(20 M) had no significant effect on LTD in
the double knockout mice (12–16 days). Traces
are averages of four successive sweeps at
indicated time points.
partially compensate for the loss of GluR2/3 in develop- the interaction causes a selective reduction in AMPAR-
mediated basal synaptic transmission and surface ex-ing brain. It is unlikely that a reduction in the size of
fEPSPs is caused by structural perturbations, as there pression of AMPARs (see reviews by Braithwaite et al.,
2000; Barry and Ziff, 2002; Song and Huganir, 2002).is no evidence that the number of neurons, the density
of excitatory synapses, the length of PSD, or the number The smaller fEPSPs in the double knockout mice are
also consistent with the idea that GluR2/3-containingof presynaptic vesicles is altered in the double knockout
mice. The simplest explanation is that GluR2/3 are re- AMPARs may undergo constitutive recycling, a process
considered to be important for preserving stability ofquired for synaptic targeting and stabilization of AMPARs
in vivo. Thus, in the absence of GluR2/3, AMPARs would basal synaptic transmission (Shi et al., 2001; Passafaro
et al., 2001). However, even in adult hippocampus wherenot be sufficiently targeted or stabilized, resulting in
a smaller number of synaptic AMPARs and reduced GluR1 is likely the only remaining AMPAR subunit in the
double knockout mice, synaptic transmission occurssynaptic transmission. This possibility is consistent with
the results obtained from in vitro biochemical studies and sufficiently high for the establishment of various
forms of long-lasting synaptic changes, indicating thatand cultured hippocampal neurons demonstrating that
the C-terminal tails of GluR2/3 are capable of interacting GluR1 alone AMPARs are capable of synaptic targeting
and dynamic changes.with several postsynaptic proteins and that disruption of
Neuron
172
Figure 7. Expression Mechanisms of LTP and LTD in GluR2/3 Double Knockout Mice
(A) Field recordings from two independent pathways (LTP or tetanized pathway and control pathway) showed predominant changes in AMPAR-
mediated synaptic transmission during LTP in the wild-type animals (2 months).
(B) Field experiments showed predominant changes in AMPAR-mediated synaptic transmission in LTP pathway in GluR2/3 double knockout
mice (2 months).
(C) Field experiments showed predominant changes in AMPAR-mediated synaptic responses in LTD pathway in GluR2/3 double knockout
mice (12–16 days). Traces on the right in (A)–(C) are sample fEPSPs from the LTP or LTD and control pathways evoked before HFS or LFS
(1), 30 min after first HFS or LFS (2), and after bath application of an extracellular solution containing CNQX (10 M) and low Mg2 (0.1 mM)
to isolate NMDAR-mediated synaptic responses (3). NMDAR responses were normalized to AMPAR-mediated responses before LTP or LTD
(Kullmann et al., 1996). The absolute mean fEPSP slope of NMDAR responses is 0.046%  0.01% mV/ms for GluR2/ GluR3 (n  6) and
0.037%  0.004% mV/ms for GluR2/ GluR3 (n  5). The ratio of NMDAR- versus AMPAR-mediated fEPSPs is 0.13  0.02 for GluR2/
GluR3 (n  6) and 0.15  0.02 for GluR2/ GluR3 (n  5).
(D) Whole-cell recordings showed inhibition of LTD by postsynaptic injection of D15 but not by S15 in the double knockout mice (13–16 days).
Active peptide D15 or its control peptide S15 was included in the intracellular solution and LTD was induced by LFS (1 Hz lasting 10 min
at 40mV) after 15 min of baseline recording. Traces on the right were averages of four successive EPSCs at indicated time points.
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Synaptic Plasticity in the Absence of GluR2/3 absence of GluR2/3, the absolute amount of changes
in synaptic transmission during LTP/LTD in most experi-An intriguing and rather surprising finding of the present
study is that various forms of hippocampal synaptic ments is actually smaller in the double knockout mice.
Therefore, one interpretation of the results is that GluR2/3plasticity can be established in the double knockout
mice. In particular, the presence of hippocampal LTD may normally participate in facilitating and/or stabilizing
synaptic changes by interacting with AMPAR-inter-and depotentiation in the absence of GluR2/3 is not
predicted by the hypothesis that GluR2/3 are necessary acting proteins as mentioned above. Thus, disruption
of these interactions or deletion of GluR2/3 would leadfor AMPAR endocytosis and LTD (Luthi et al., 1999; Daw
et al., 2000; Xia et al., 2000). One possible interpretation to reduced synaptic plasticity. As indicated earlier, this
possibility is supported by results from many previousfor this discrepancy is that the mechanisms of synaptic
plasticity in our genetically altered mice may differ from studies using cultured hippocampal neurons (Nishimune
et al., 1998; Luthi et al., 1999; Daw et al., 2000; Xia etthose of the wild-type animals. This appears unlikely
because hippocampal LTD in the double knockout mice al., 2000; Kim et al., 2001; Lee et al., 2002). Given the
complexity of protein interactions that occur at theis (1) largely blocked by NMDAR antagonist APV; (2)
insensitive to MCPG or bicucullin, therefore mGluR- GluR2/3 C termini (e.g., Braithwaite et al., 2002; Hanley
et al., 2002; see reviews by Barry and Ziff, 2002; Malinowindependent; (3) expressed predominantly via changes
in AMPAR-mediated synaptic transmission; and (4) still and Malenka, 2002), it is likely that these interactions
have differential and potentially opposing effects oninhibited by perturbations of endocytosis, although to
a less degree compared to the wild-type animals. These AMPAR trafficking and synaptic plasticity. Targeted de-
letions or mutations of individual protein binding sitesresults indicate that GluR2/3-independent AMPAR en-
docytosis contributes significantly to hippocampal LTD in GluR2/3 C-terminal tails in mice would be important
to address the specific function of each interaction.in the double knockout mice. However, we cannot rule
out the possibility that some aspects of synaptic plastic-
ity are distinct in the double knockout mice. Indeed, LTD GluR1 Sufficiency for Hippocampal LTP
was only partially blocked by D15 peptide, the same In the adult hippocampus where most AMPARs are
peptide that has been shown to completely abolish LTD made of GluR1/2 or GluR2/3 (Wenthold et al., 1996), LTP
in other preparations from the wild-type animals (e.g., could be established and also dramatically enhanced
Luscher et al., 1999), suggesting that a component of in the absence of GluR2/3, indicating that GluR1 is suffi-
LTD is endocytosis independent in these knockout mice. cient for the expression of hippocampal LTP. These
Further experiments are needed to determine exactly results are consistent with the observations that LTP is
what proportion of LTD is contributed by endocyto- impaired in GluR1 knockout mice (Zamanillo et al., 1999)
sis-dependent or endocytosis-independent processes. and that GluR1 is necessary for NMDAR-dependent syn-
Since most AMPARs exist as heteromeric assemblies of aptic targeting of AMPARs in cultured hippocampal
GluR1/2 or GluR2/3, not as GluR1 homomeric receptors slices (Shi et al., 1999, 2001). The C-terminal tail of GluR1
present in the double knockout mice, it also remains can also interact with a number of proteins, including
to be investigated whether (or under what conditions) SAP97 (Leonard et al., 1998), actin binding protein 4.1N
(Shen et al., 2000), and AP2 (Lee et al., 2002). DisruptionGluR2/3-independent AMPAR endocytosis operates
and how much it contributes to synaptic changes in the of the interaction between GluR1 and these proteins
blocks the activity-dependent synaptic delivery of GluR1wild-type animals.
In the absence of GluR2/3, the relative amount (as and LTP (Shi et al., 2001). Since LTD experiments were
performed using mice at postnatal days 12–15 whencompared to basal synaptic response) of synaptic plas-
ticity is significantly greater (Figures 5–7). This enhance- GluR4 is also expressed in the hippocampus, it is not
clear whether GluR1 is sufficient for the expression ofment, in particular of LTD and depotentiation (Figures 5C
and 5D), cannot be accounted for simply by an increased LTD. However, since depotentiation could be estab-
lished and enhanced in the double knockout animalsCa2 influx during the induction phase because (1) LTD
is blocked by APV and (2) the relative amount of NMDAR- at postnatal week 3 when the expression of GluR4 is
diminishing in the hippocampus (Zhu et al., 2000), ourversus AMPAR-mediated fEPSPs is not much greater in
the double knockout than in the wild-type mice (Figures results also suggest that GluR1 may be sufficient for
the expression of synaptic depression.7A–7C). These results suggest that one of the in vivo
functions of the GluR2/3 subunits may be to inhibit syn- In conclusion, by employing genetic approaches in
mice, we provide evidence that the primary function ofaptic changes. It is reasonable to hypothesize that the
interaction between GluR2/3- and AMPAR-interacting GluR2/3 is to stabilize synaptic transmission. Thus, in
the absence of GluR2/3, both basal synaptic transmis-proteins also function to retain and/or stabilize the re-
ceptors either at synaptic surface (Noel et al., 1999; sion and synaptic plasticity are affected. The complex
interactions between GluR2/3 and various cytosolic pro-Osten et al., 2000; Lee et al., 2002) or inside the cell
(Daw et al., 2000; Perez et al., 2001; Greger et al., 2002) teins may provide multiple mechanisms to ensure the
stability of synaptic transmission. We suggest thatduring synaptic changes as proposed for basal synaptic
transmission. Thus, disruption of the interaction, for ex- GluR1 contains all the necessary molecular determi-
nants to allow long-lasting synaptic plasticity to occur.ample, by protein phosphorylation/dephosphorylation
(Matsuda et al., 1999; 2000; Xia et al., 2000; Kim et al., Important issues remain to be investigated, including
the analysis of the synaptic properties such as AMPAR2001; Daw et al., 2000; Chung et al., 2000) may facilitate
receptor trafficking and synaptic changes. trafficking in the double knockout mice and to define
the in vivo function of specific protein binding sites ofHowever, it should be emphasized that because basal
synaptic transmission is so drastically reduced in the GluR2/3 C-terminal tails.
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Experimental Procedures superfused with 95% O2-5% CO2 saturated artificial CSF (ACSF,
2 ml/min). The ACSF contained 120 mM NaCl, 2.5 mM KCl, 1.3 mM
MgSO4, 1.0 mM NaH2PO4, 26 mM NaHCO3, 2.5 mM CaCl2, and 11Creation of GluR3 and GluR2/3 Double Knockout Mice
A genomic clone containing the TM1 and TM2 domains of the GluR3 mM D-glucose. For field EPSPs, the recording pipette (3 M) was
filled with ACSF solution. For whole-cell voltage-clamp recordings,gene was isolated from a genomic 129/sv library. The targeting
vector for generating GluR3 knockout mice was constructed by the patch pipette (3–5 M) contained the following: 132 mM Cs
gluconate, 17.5 mM CsCl, 0.05 mM EGTA, 10 mM HEPES, 2 mMinserting a 1.8 kb PGK-neo cassette into the BamHI site of exon 12
in a sense direction with creation of an additional EcoRV site for Mg-ATP, 0.2 mM Na-GTP, QX-314, pH7.4 (292 mOsm); for current
clamp, it contained 150mM K2MeSO4, 0.1 mM EDTA, 10 mM HEPES,the purpose of diagnostic restriction digestion of the genomic DNA.
The G418 resistant ES clones were tested for a targeted event by and 2 mM Mg-ATP, pH 7.4 (290 mOsm). Synaptic responses were
evoked by bipolar tungsten electrodes placed 200–400 m from theSouthern blot analysis. The procedures for culturing and screening
ES cells and for generation of chimeric mice were described pre- cell body layer in the CA1 area. fEPSPs were measured by taking
the slope of the rising phase between 5% and 60% of the peakviously (Nagy et al., 1993; Jia et al., 1996). The chimeric mice were
backcrossed to C57/BL6 to generate the F1 population. The GluR3 response. Unless otherwise indicated, LTP and dedepression were
induced with two trains (intertrain interval of 10 s) of 100 Hz stimula-gene is X chromosome linked; therefore, only one copy is present
in male mice. Since the male GluR3 knockout animals (XY, GluR3) tion each lasting 1 s. LTD and depotentiation were induced by low-
frequency stimulation (LFS) at 1 Hz lasting 15 min for field experi-bred poorly, most experiments for GluR3 knockout mice were per-
formed using male offsprings (XY as knockout and XY littermate ments and lasting 10 min at a holding potential of40mV for whole-
cell experiments. Peptides were synthesized and purified by theas wild-type control) generated from F1 XY (wild-type male,
GluR3) and XX (heterozygous female, GluR3/) breeding. The Advanced Protein Technology Center at the University of Toronto,
Toronto, Ontario, CAN. The amino acid sequence for D15 wasGluR2/3 double knockout mice (GluR2/GluR3, male) were gener-
ated by intercrossing between GluR2/GluR3males and GluR2/ PPPQVPSRPNRAPPG and the corresponding scrambled peptide
(S15) was ANVRRGPPPPPQPPS. Peptides (1.0 mM) were added toGluR3/ females. All the mice used in the present study had a
genetic background of 129XC57/BL6. The genotype of the double the intracellular solution immediately before experiments. All data
acquisition and analysis were done using pCLAMP 7 software (Axonknockout mice was determined by Southern blot analysis using
three independent DNA probes: an external probe for GluR2 (Jia et instruments). When average data were plotted, data were normal-
ized to the average of the baseline responses unless indicated other-al., 1996), an external probe for GluR3 (Figure 2), and an internal
neo-probe. The absence of GluR2 and GluR3 proteins in the double wise. All data were statistically evaluated by Student’s t test.
knockout mice was confirmed by Western blot analysis using anti-
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